The flavor of an unheated wheat flour and butter mixture (roux 0) and roux samples heated to between 100˚C and 180˚C at 20˚C intervals (roux I-V) were examined by chemical analyses of the aroma components with gas chromatography (GC) and GC-MS and sensory evaluation of the roux samples. In the chemical analysis, it was determined that large quantitative changes of aroma components with increased heating temperature occurred in the functional groups of ketones, carboxylic acids, furans and pyrazines. Furthermore, a cluster analysis showed that the difference in characteristic flavor between roux II (white roux) and roux IV-V (brown roux) depended on the quite different compositions of their components. On the other hand, sensory analysis of the roux showed that roux II-IV (heated to 120˚C-160˚C), namely white and brown roux, were highly evaluated for buttery and sweet attributes as well as odor preference. After the relationship between chemical and sensory changes in the roux flavor with increased heating temperature was surveyed by a principal component analysis, a correlation analysis clarified that the sensory odor preference correlated significantly with ketones (mainly methyl ketones) (r‫,009.0؍‬ pϽ Ͻ0.05) or with cyclic ketoenols such as maltol (r‫,838.0؍‬ pϽ Ͻ0.05). Those compounds also showed a high positive correlation with the evaluation for the sweet attribute. Therefore, methyl ketones or cyclic ketoenols are assumed to play an important role as indicators of the pleasant odor preference in roux heated to various temperatures.
Roux is prepared from wheat flour and butter, and is often used in cooking to thicken a soup or sauce without heating, although the odor of flour remains to create an off flavor. When the mixture of wheat flour and butter (or oil) is heated however, it produces a characteristic pleasant flavor. The flavor profile varies with the heating time and final temperature. When roux is prepared at a temperature of 120-130˚C, its color does not change much, but it has a pleasant milk-like flavor, and is called white roux. However, when roux is prepared by heating to a higher temperature like 160-180˚C, the color usually turns brown and a burnt flavor results, this is called brown roux. Both white and brown roux are used as the base for various sauces and soups to provide the required viscosity and flavor. Although some studies on the viscosity and sensory attributes of sauces have been reported (Hatae et al., 1979; Osawa & Nakahama, 1973; Kato, 1995) , studies on the flavor of sauces have been limited. Since the mixture of wheat flour and butter contains carbohydrate, protein and lipid as the main constituents, it is reasonable to assume that it would generate a characteristic flavor from the Maillard reaction during cooking. There are many reports on heated flavor, including model systems of the Maillard reaction (Shieberle & Hofmann, 1996; Bruechert et al., 1988; Cambero et al., 1992) , but there has been little work on samples prepared by these actual cooking conditions, apart from work by the authors. Previous reports have described that many aroma components have been identified in brown roux heated to 160-180˚C by GC and GC-MS (Kato, 1993; Kato, 2001) , but in roux samples heated to the range of 100˚C-140˚C (Kato, 1992; Kato, 1996) , several components remained to be identified or confirmed. Therefore, the changes in aroma composition in white and brown roux with increased heating temperature have not yet been clarified, and there is still a need for a sensory evaluation of roux at various heating temperatures.
In this study, changes in the aroma components of unheated roux and roux heated in the range of 100-180˚C and changes in the sensory evaluation of the roux samples were characterized. We also studied the correlation between the changes in aroma components and the sensory evaluation of the roux samples to determine on what the preferable odor in the white or brown roux depends.
Materials and Methods
Materials and chemicals Wheat flour (soft flour, Nisshin Flour Co., Japan) and butter (Yukijirushi Dairy Co.) were purchased from a local market. Standard chemicals were obtained from commercial sources.
Preparation of the roux Wheat flour (30 g) and butter (30 g) were mixed in an aluminum pan and heated in an electric cooker (300 W) until the final temperature reached 100, 120, 140, 160 or 180˚C (Kato, 1992; Kato, 1996) . Heating was stopped after 7-8 min when the mixture reached at 100˚C and many tiny bubbles started rising (roux I). When heated for 10-11 min to about 120˚C, the mixture became more viscous and emitted a pleasant aroma (roux II). The color changed little and it remained a white roux. When heated for 13-14 min to about 140˚C, the mixture took on a slightly brown color and a stronger E-mail: ykatou@edu.toyama-u.ac.jp aroma was emitted (roux III). Heating for another 16-19 min from about 160˚C to 180˚C turned the roux dark brown and a burnt odor was recognized (roux IV and V). The unheated mixture of materials was used as the control (roux 0) to examine the change in aroma components and in odor by heating.
Chemical analysis A 1-L round flask containing each roux sample prepared from 60 g of materials, 440 ml of purified water and 0.5 ml aqueous solution of 0.25 mg/ml internal standard (tridecane or 2,4,6-trimethyl pyridine) was attached to a rotary evaporator (Tanchotikul & Hsieh, 1991) . The volatile components from each roux sample (roux 0-V) were collected by steam distillation under reduced pressure (20-24 mm of Hg) at 50˚C for 100 min (Kato, 1992) . This procedure was conducted five times for use as the analytical sample. Analytical samples were then prepared with five replications to obtain samples 1-5 for each roux (roux 0-V). A total of 30 samples (roux 0-Vϫ5 replicates) were therefore prepared for the chemical analyses. GC (gas chromatography) analysis was carried out with a Shimadzu model 12 gas chromatograph equipped with a flame ionization detector (FID). The column was a CBP 20M capillary type 50 m in lengthϫ0.25 mm i.d. used previously (Kato, 2001) . GC-MS was a HP 5890 series II gas chromatograph coupled to a HP model 5972-mass spectrometer. The column was a 60 mϫ 0.25 mm i.d. (0.25 m df) DB wax fused silica type (J&W Scientific) run under the same conditions as those for the GC analysis (Kato, 1996; Kato, 2001) . Each component was identified by comparing it with the GC retention index (Kovats index (KI)) and MS data to those of authentic specimens.
Sensory analysis In the sensory test, the roux samples (roux 0-V) were prepared under the same heating conditions as in the chemical analysis. Approximately 10 g roux samples in teacups of approximately 150 ml capacity were presented to members of a panel. The samples were covered with saran-rap and aluminum foil to seal in the flavor and conceal the color of roux, then warmed to a constant temperature of 50˚C in an oven. Twenty-eight semi-trained female students majoring in home economics participated as panelists. They were presented roux samples and asked about the intensity of four characteristic attributes (buttery, sweet, aromatic and burnt odor) and the grade of odor preference as an overall acceptance evaluation of roux flavor. These evaluation items were chosen based on a preliminary test and previous papers (Kato, 1992; Kato, 1993) . The odor intensity of the four attributes was evaluated on a scale of 1 (not detectable) to 5 (extremely detectable), and the odor preference for roux samples was done on a scale from 1 (no preference) to 5 (strong preference). After panelists evaluated the flavor of the two roux samples, they were permitted to rest for approximately 10 min. Then they evaluated the flavor of two other roux samples, and the flavor of the two remaining roux samples flavor with sample order was approximately balanced between the sessions.
Statistical analysis The amount (g/10 g) of each component was calculated using an internal standard, GC peak area % and yield of the aroma concentrate, and the mean value and standard deviation (g/10 g) of each component with five replicates in each roux were calculated. In addition, using the mean value of each component (relative GC peak area %) as a variable, a cluster analysis was conducted to examine the degree of similarity among the 30 samples from roux 0 and roux I-V. Further, the mean value and S.D. (%) of each of ten functional groups calculated from the amounts of the components with five replicates were also calculated as done for each component, and the difference between the mean values was analyzed by Student's t-test. In the sensory test, the evaluation values by 28 panelists were also estimated using the same statistical procedure as the chemical analysis. Relationship between the chemical and the sensory analysis was examined by a principal component analysis and correlation analysis. The statistical analyses were conducted using multi-statistics (Social Survey Research Information Co., Tokyo).
Results and Discussion
Odor profile and yield of the aroma concentrate The roux samples released characteristic odors during heating. The odor character and yield of each aroma concentrate in roux 0-V are shown in Table 1 . Although roux I (heated to 100˚C) retained the fairly strong buttery odor like that of the unheated material, roux II-III (heated to 120˚C-140˚C) had a milk-like and fairly strong sweet odor, and roux IV-V (heated to 160˚C-180˚C) had a burnt and sweet odor.
The amount of the aroma concentrate in roux I increased slightly, but when heated to above 120˚C, the amount of this concentrate increased markedly compared with that in the unheated mixture. The aroma concentrate yields from roux II-IV (the white roux and earlier brown roux) were about double or more (approximately 315-364 g/10 g), that of the unheated mixture (approximately 140 g/10 g), while that from roux V (the brown roux) increased dramatically and was about five times the amount of the unheated mixture.
Chemical changes in the aroma components of the roux samples Many aroma compounds were detected in each roux sample and were identified by comparing their mass spectra and KI values with those of reference or authentic compounds. Sixtythree aroma components were selected from the compounds identified at more than two heating temperature stages in the roux samples. The amount of each component is presented as the mean and S.D. of the concentration (g/10 g) of five replicates and summarized in Table 2 . These sixty-three components could be classified into ten functional groups: eleven were hydrocarbons, four were aliphatic alcohols, six were aldehydes, five were ketones, eight were carboxylic acids, three were lactones, six were furans, four were cyclic ketoenols, eleven were pyrazines, and five were other nitrogen-containing compounds. Furthermore, the composition of the ten functional groups was calculated from the total amount of the components in the roux, and The components are listed in order of their retention times according to the functional groups. The aroma components in ketones, carboxylic acids and furans are also showed in Fig. 1-3 the mean value and S.D. with five replicates were calculated and shown in Table 3 . Each roux had a different composition in terms of functional groups. The contents of carboxylic acids in Table 3 accounted for the highest proportion in roux 0-II and ketones in roux II-IV, while high proportions of furans were predominant in roux IV and V heated to a high temperature. The quantitative changes of the components in ketones, carboxylic acids and furans are presented in Fig. 1, Fig. 2 and Fig. 3, respectively. Straight-chain hydrocarbons, alcohols, aldehydes and ketones are known to be common thermal oxidation products of lipids (Scanlan et al., 1968) . As shown in Fig. 1 , the identified aliphatic ketones were almost all of the methyl type with a carbon number from 7 to 15, which have a fruity and floral odor as described in volatile of strawberry jam (Guichard et al., 1991) . They markedly increased with increase in heating temperature, reaching a maximum at 140˚C, and constituting more than 40% of all components shown in Table 3 , where 2-nonanone and 2-undecanone showed high amounts of approximately 46.8 and 41.7 g/10 g, respectively. It has been reported that methyl ketones in heated milk were generated from ␤-keto-acids contained in milk, so it is reasonable that those in the roux samples were generated from butter (Wong & Patton, 1963) .
Five aliphatic aldehydes (C6-C12) and benzaldehyde were detected. Although the influence of the heating temperature was low for these aldehydes as shown in Table 2 , they had a strong odor; benzaldehyde is especially known to have a pleasant almond, nutty aroma (Chung & Cadwallader, 1993) .
The carboxylic acids also seem to have mainly originated from butter, as reported in previous paper (Kato, 1996) . The amounts of octanoic acid and decanoic acid were very high, even in the unheated roux, at 36.2 and 22.5 g/10 g, respectively ( Table 2 and Fig. 2) . However, these two acids have been gradually degraded. In contrast, the low molecular weight acids acetic acid and butanoic acid seem to have increased with increased higher temperature of the roux, the increase in acetic acid amount being statistically significant between roux IV and roux V. Acetic acid seemed to give the roux a stimulating flavor. The flavor of the brown roux samples (roux IV and V) thus seemed to be more stimulating than that of the white roux samples (roux II).
Three lactones, ␦-octalactone, ␦-decalactone, ␦-dodecalactone were identified. As shown in Table 2 and Table 3 , their quantity was not high and the total amounts did not change much with heating temperature. Lactones exhibit a characteristic buttery odor, so those with carboxylic acids are believed to be involved in the basic odor of the roux (Kato, 1996) . The composition of the functional groups was calculated from the amount (g/10 g) of each component in the roux. The value in each functional group is meanϮstandard deviation calculated from five replicates of each roux. b) Different letters on each roux in each functional group show a significant difference at the level of pϽ0.05 between the two roux with increased heating temperature. Furans, cyclic ketoenols and nitrogen-containing compounds like pyrazines and pyrroles were only detected in roux heated to above 120˚C, except for furfural, as shown in Table 2 . These compounds are well-known Maillard reaction products found in processed foods. The furans of 5-methyl-2-furfural, furfuryl alcohol and 5-hydroxymethyl-2-furfural ( Fig. 3 ) are known to be derived from Amadori rearrangement products of the Maillard reaction (Shigematsu et al., 1977) .
In the furans, furfuryl alcohol was increased markedly with heating temperature to reach 61.1 g/10 g in roux IV (heated to 160˚C) and 320.2 g/10 g in roux V (heated to 180˚C) as shown in Table 2 and Fig. 3 . A significant difference in mean value was shown between all combinations of roux pairs among II, III, IV and V (Fig. 3) . This seems to have contributed to the odor of V, because it constituted the largest quantity in roux V as shown in Table 2 .
Cyclotene and maltol in cyclic ketoenoles were identified in the roux samples (Table 2) . They are known to be Amadori rearrangement products as well as the furans already described (Blank et al., 1996) . As they have often been noted for their very characteristic sweet odor in cooked food (Baltes et al., 1989) , they seem to have contributed greatly to the heated roux.
Various kinds of pyrazines were identified in roux II-V. They were not detected inunheated sample or in roux I (heated to 100˚C), but increased heating temperature raised their amounts as shown in Table 2 . They were markedly higher in roux IV (heated to 160˚C) and roux V (heated to 180˚C), confirming the supposition that they were generated during the heating process. Almost all the alkylpyrazines here have a fairly strong burnt odor and characteristic nutty and roasted aroma as reported by Maga and Sizer (1973) , so these nitrogen compounds would have played important roles as potent odorants in the heated roux, despite only being present in small quantities.
To summarize, the aroma of the roux samples was changed markedly depending on the final heating temperature. The flavor of roux II heated to 120˚C (white roux) seemed to be characterized by overlaying the slight roasted odor on the basic buttery odor of the aldehydes, carboxylic acids and lactones, while the flavor of roux IV-V heated to 160˚C-180˚C (brown roux) seemed to have been strongly influenced by the Amadori rearrangement products: furans, cyclic ketoenols and nitrogen-containing compounds.
Similarity among the roux samples by a cluster analysis The degree of resemblance in the composition of the aroma components among the roux samples (roux 0-V), was determined by a cluster analysis using the GC peak area % of each of the thirtyfive components; selection was based on a preliminary principal component analysis from the sixty-three components described in the experimental section and information on the contribution of each component to the roux flavor. The tree-shaped figure in Fig. 4 shows items 1-5, 6-10, 11-15, 16-20, 20-25 and 26-30 representing roux 0, roux I, roux II, roux III, roux IV and roux V, respectively. The items of roux samples could be clearly separated into two clusters of 1-20 and 21-30. This first cluster includes roux 0 and roux I-III and constitutes the white roux. Rating scale for odor preference: 1, no preference; 3, some preference; 5, strong preference. d) Different letters on each roux in each item show a significant difference at the level of pϽ0.05 between the two roux with increased heating temperature. The second cluster includes roux IV and roux V and constitutes brown roux. The first cluster showed separation into two clusters, roux 0-II (items 1-5, 6-10 and 11-15) and roux . Roux III (heated to 140˚C), which has a thin yellow color, might have differed a little in the composition of the aroma components from roux 0-II, which had no coloring. On the other hand, the brown roux samples IV and V are clearly separated, with little variation in the five replicates of the samples. It is presumed that the large proportion of furfuryl alcohol (about 50%) masked other minor differences in the replicates. These results have shown how the flavor in each roux is affected by a small difference of only 20˚C in the final heating temperature.
Sensory changes in the odor of the roux samples The results of sensory evaluations for unheated materials (roux 0) and roux I-V are shown in Table 4 . The buttery odor was the strongest of all attributes in roux 0-roux IV, but not in roux V; therefore, this odor seems to be the basic flavor in not only unheated materials but also heated roux. The sweet odor was evaluated highly in roux II-IV (heated to 120˚C-160˚C), and roux III (heated to 140˚C) was given the highest evaluation for this attribute of all the samples. The aromatic odor was evaluated highly in roux III-V when heated to a temperature higher than 140˚C, and the burnt odor was evaluated significantly higher in roux V. As an overall acceptance evaluation for the roux, roux II-IV (heated to 120˚C-160˚C) were found to be preferable to the other roux in odor (roux 0-1 and roux V). Specifically, roux III (heated to 140˚C) with a thin yellow color was found the most desirable of all roux samples.
Relationship between chemical and sensory changes in the roux samples Studies on the correlation between chemical and sensory data have been reported (Guichard et al., 1991; Refsgaard et al., 1996) . In this paper, the relationship between the content (%) of each functional group (1-10) as shown in Table 3 and sensory evaluation of each attribute (A-E) as shown in Table   4 was determined by a principal component analysis and a correlation analysis.
In Fig. 5 , the factor scores and the loadings of the chemical and sensory items for the first principal component (PC 1) and the second principal component (PC 2) are illustrated. PC 1, which accounted for 57.0% of the variation, seemed to separate the chemical and sensory items by the final heating temperature, and PC 2, accounting for 33.2%, seemed to separate those items by preference of roux flavor. As B (sweet attribute), E (odor preference) and 4 (ketones) were not greatly different and a short distance from 8 (cyclic ketoenols), those items were found to correlate highly. Based on the result of the principal component analysis, a correlation analysis was conducted. In Fig. 6 , the sensory evaluation for the sweet attribute correlated with the methyl 6 . Correlation between the content of aroma component group in the roux samples and the sensory evaluation for sweet attribute. The content of the aroma components is the mean value of the functional group shown in Table 3 . *pϽ0.05. Fig. 7 . Correlation between the content of aroma component group in the roux samples and the sensory evaluation for odor preference. The content of the aroma components is the mean value of the functional group shown in Table 3 . *pϽ0.05. ketones significantly (rϭ0.898, pϽ0.05), and with the cyclic ketoenols cyclotene and maltol, positively (rϭ0.755) but, in contrast, negatively with the carboxylic acids (rϭϪ0.461). We then examined whether the sensory odor preference correlated highly with the compounds generated by heating. The results showed that the odor preference had a significantly positive correlation with the methyl ketones (rϭ0.900, pϽ0.05) and cyclic ketoenols (rϭ0.838, pϽ0.05), each of which showed a high positive correlation with the sweet attribute, but had a low correlation with the furans (rϭϪ0.089) and pyrazines (rϭ0.308), as shown in Fig. 7 . Therefore, the ketones (methyl ketones) and the cyclic ketoenols are assumed to play a role as an indicator of the pleasant odor preference for the roux heated to various temperatures.
